A novel geometry for a sampling calorimeter employing inorganic scintillators as an active medium is presented. To overcome the mechanical challenges of construction, an innovative light collection geometry has been pioneered, that minimises the complexity of construction. First test results are presented, demonstrating a successful signal extraction. The geometry consists of a sampling calorimeter with passive absorber layers interleaved with layers of an active medium made of inorganic scintillating crystals. Wavelength-shifting (WLS) fibres run along the four long, chamfered edges of the stack, transporting the light to photodetectors at the rear. To maximise the amount of scintillation light reaching the WLS fibres, the scintillator chamfers are depolished. It is shown herein that this concept is working for cerium fluoride (CeF 3 ) as a scintillator. Coupled to it, several different types of materials have been tested as WLS medium. In particular, materials that might be sufficiently resistant to the High-Luminosity Large Hadron Collider radiation environment, such as cerium-doped LutetiumYttrium Orthosilicate (LYSO) and cerium-doped quartz, are compared to conventional plastic WLS fibres. Finally, an outlook is presented on the possible optimisation of the different components, and the construction and commissioning of a full calorimeter cell prototype is presented.
Introduction
The detectors now in operation at the Large Hadron Collider (LHC) at CERN will have to face a challenging environment after the accelerator upgrade to High-Luminosity running (HL-LHC), that is currently being planned to start in 2022. The radiation levels expected there are typically a factor 10 larger, and the integrated luminosities -thus integrated radiation levels -a factor 6 more important than the design values at the LHC. The HL-LHC design parameters at 14 TeV foresee a luminosity of 5 × 10 34 cm −2 s −1 , up to a total integrated luminosity of 30 × 10 5 pb −1 [1] . Typical exposure levels in the high-rapidity region of the calorimeters reach 30 Gy/h in ionising radiation and 2 × 10 14 cm −2 in integrated fluences of high-energy hadrons. Calorimeters designed for an adequate performance through the years of running at the LHC may need to be partially upgraded, to withstand these increased exposure levels at the HL-LHC.
A new sampling calorimeter geometry
Sampling calorimeters are being considered with a renewed interest as an option for HL-LHC detector upgrades. Some inorganic scintillators have been identified, that are likely to perform adequately in the strong radiation field and high particle fluences present during HL-LHC running ( [2] , [3] ). A sampling calorimeter employing them might offer an interesting option in terms of costs and short light path. However, inorganic crystalline materials present mechanical challenges compared to plastic scintillators: this paper describes an innovative light collection geometry that minimises the mechanical processing complexity. It presents first test results demonstrating a successful signal extraction and evaluates possible WLS candidates.
The geometry (Fig. 1) consists of a sampling calorimeter cell made of passive absorber layers (e.g. W or Pb) interleaved with layers of an active medium made of inorganic scintillating crystals. Wavelength-shifting (WLS) fibres run along the four long edges of the stack, transporting the light to photodetectors at the rear. The chamfers along those edges have a width matching the WLS fibre dimensions. On the crystal samples they are depolished to maximise the amount of scintillation light escaping the scintillator and reaching the fibres. The simplicity of the design minimises the mechanical processing complexity, compared to other geometries with grooves or holes machined through the stack. 3 ) used in this test, provided with a 3 mm wide, depolished chamfer along one of its 10 mm long edges.
In this paper, a study has been performed, in order to to show that this concept is working for cerium fluoride (CeF 3 ) [2] used as the scintillating material. For the test, a CeF 3 crystal has been prepared, with a 3 mm wide and depolished chamfer, as visible in Fig. 2 . Coupled to it, several different types of materials have been tested as WLS medium, using cosmic muons and laboratory γ sources to excite the CeF 3 scintillation. In particular, materials that might be sufficiently resistant to the HL-LHC radiation environment, such as cerium-doped Lutetium-Yttrium Orthosilicate (LYSO) and cerium-doped quartz, are compared to conventional plastic WLS fibres. The most promising material being studied as a WLS candidate is in fact cerium-doped quartz, which is photo-luminescent in range of wavelengths of the CeF 3 scintillation emission [4] .
The presented results provide a proof-of-principle that this kind of light extraction geometry via WLS fibres is viable. Finally, an outlook is presented on a further possible optimisation of the different components and the steps leading to a full calorimeter cell prototype construction are shown.
Cerium fluoride as a scintillator for HL-LHC calorimetry
Cerium fluoride is a scintillating crystal whose density (ρ = 6.16 g/cm 3 ), radiation length (X 0 = 1.68 cm),
Molière radius (R M = 2.6 cm), nuclear interaction length (λ I = 25.9 cm) and refractive index (n = 1.68) make it a competitive medium for compact calorimeters. For Barium-doped crystals, the emission is centred at 340 nm, with decay time constants of 10 -30 ns; it is insensitive to temperature changes (dLY/dT (20 o C) = 0.08%/ o C) as well as bright (4 -10% of NaI(T )) and thus suitable for high-rate, high-precision calorimetry [5, 6] . Minimum ionising particles deposit 7.9 MeV/cm in CeF 3 , and cosmic µ are thus an interesting means of exciting its scintillation. It should be noted that cerium is a readily available rare earth, which would allow moderating raw material costs, were a mass production envisaged. Its melting point of 1460 o C allows applying well-known crystal growth technologies. A feature crucial for use in calorimetry at the HL-LHC, is its performance under exposure to considerable fluxes of high-energy hadrons. It has been demonstrated, that crystals can be grown, where the damage fully recovers [2] , and thus never builds up as it is the case for lead tungstate [7] and for LYSO [8] .
The test setup layout and its commissioning
For the presented proof-of-principle studies, a few variations of the same laboratory setup have been used, as visible in Fig. 3 . The first setup (Fig. 3, left) foresees one of the big crystal faces to be coupled to a photomultiplier (Fig. 3) , correlation between direct scintillation signal from CeF 3 and WLS signal from the LYSO bar.
(PMT) of type Hamamatsu H7415 provided with a bialkali photocathode. On all other faces, the crystal was wrapped in Teflon, while the 3 mm chamfer was coupled, via an air gap, to a LYSO bar used here as a wavelengthshifter (WLS), due to its photoluminescence characteristics. The LYSO bar was parallelepipedic, with dimensions 3 × 3 × 100 mm 3 yielding a volume of 0.9 cm 3 , of the same order of magnitude as the crystal volume of 4 cm 3 . At one end, the naked LYSO bar was coupled to a bialkali-photocathode PMT of type Hamamatsu H8443, while the opposite end was aluminised. Optical screens were introduced, to make sure that no direct scintillation light from the CeF 3 could reach the PMT coupled to the LYSO bar. The PMT output from CeF 3 scintillation light was split into two. One signal was used to trigger for cosmic muons traversing the crystal, in coincidence with the signal from a plastic scintillator placed on top of the setup, with 40 × 40 mm 2 active area. The other signal was integrated with an Analogue-to-Digital converter (ADC). The PMT signal from the LSYO light output was integrated by a different ADC, and data were acquired on an event-by-event basis. A correlation was observed from this setup, for a measurement with cosmic muons, which is visible in Fig. 4 . It is apparent that a WLS signal due to the LYSO photoluminescence is detected.
However, the setup 1 suffers from the drawback that part of the scintillation light from the CeF 3 crystal is not available for producing a WLS signal, because it is directly detected. To overcome this limitation, setup 2 was adopted, with an identical, second CeF 3 crystal for direct scintillation light detection, to make all the light from the top crystal available for wavelength-shifting. Both crystals were wrapped in teflon, except for the side coupled to the PMT or the WLS bar, and they were optically isolated from each other. The resulting correlation and spectra when triggering for cosmic muons are shown in Fig. 5 . With a gain G = 1.5 × 10 7 , a PMT quantum efficiency of 25% in average over the CeF 3 emission spectrum, and an attenuation of 35 db on the signal, a light output of 300 p.e./MeV has been obtained, corresponding to a light yield S CeF3 = 1200 γ/MeV. For the PMT coupled to the LYSO bar, the gain used was 1.3 × 10 7 and the average quantum efficiency 20%, yielding a WLS light output for this setup of S W LS = 2.4 p.e./MeV, thus a light yield of 12 γ/MeV and a WLS to direct light yield ratio R γ = 1%.
A study has also been performed placing a 22 Na source between the CeF 3 crystal, triggering on back-to-back 511 keV annihilation γ quanta (setup 3 in Fig. 3 ). The correlation and spectra are found in Fig. 6 . In the CeF 3 spectrum, one distinguishes well the photoelectric peak from 511 keV annihilation photons, and the Compton background and photoelectric peak for the 1.275 MeV emission which is occasionally detected in coincidence with a back-to- (Fig. 3) , correlation between direct scintillation signal from the bottom CeF 3 and WLS signal from the LYSO bar coupled to the top CeF 3 crystal, and one-dimensional projections of the distributions.
back annihilation photon. The distribution for WLS signals is less striking, due to the small amplitudes involved, but the photoelectric peak and the background at higher ADC channels are clearly distinguishable. One infers from this measurement a light output of 230 p.e./MeV and a light yield S CeF3 = 940 γ/MeV. For the PMT coupled to the LYSO bar, one obtains a WLS light output for this setup of S W LS = 1.4 p.e./MeV, thus a light yield of 7 γ/MeV and a WLS-to-direct light yield ratio R γ = 0.8%. Taking into account possible systematic effects due to differences in light collection between the two cases, one can consider the results for cosmic muons and γ quanta reasonably compatible.
Direct scintillation signals from γ quanta depositing energy in the LYSO bar itself have also been studied, since the LYSO bar volume is ∼ 25% of the CeF 3 crystal one. Indeed, they have been easily visualised. For this purpose, the signals from the PMT coupled to the LYSO bar have been attenuated by 12 db. The correlation is found in Fig. 7 , where the numbers indicate the different topologies that are observed for 511 keV γ: (1) photoelectric effect in CeF 3 and Compton background in LYSO, (2) photoelectric effect in both, CeF 3 and LYSO, (3) Compton background in CeF 3 and photoelectric effect in LYSO and (4) Compton background in both, CeF 3 and LYSO.
Overall, the studies described in this section, making use of a relatively big LYSO bar coupled to a CeF 3 crystal, have allowed to commission the setup and to learn about the performance of the basic elements involved. Photoluminescence from LYSO, excited by the CeF 3 scintillation emission, has been observed, with cosmic µ and 22 Na γ quanta leading to a consistent WLS-to-direct signal amplitude ratio. Furthermore, as expected, a direct scintillation signal from 22 Na γ quanta interacting in the LYSO bar was observed. The lesson to be learned from these tests is, that for all candidate WLS materials and their volumina, the possible presence of direct scintillation needs to be always studied and its tolerable amplitude optimised in the design. 22 Na source in setup 3 ( Fig. 3) , correlation between direct scintillation signal from the bottom CeF 3 and direct scintillation signal from the LYSO bar (see text for details). 
Cerium-doped quartz fibres as WLS candidates
As a material in calorimetry and dosimetry, cerium-doped quartz is known to be quite radiation-hard, a feature that makes it an interesting WLS candidate for HL-LHC applications. For this reason, a first attempt at extracting a WLS signal from such fibres has been performed. The photoluminescence of the fibres considered in this test [4, 9] .
matches the emission spectrum of CeF 3 [9] , as visible in Fig. 8 . A fast emission component, as needed for HL-LHC applications, had been previously observed [4] . A set of fibres was received, that were developed for dosimetry applications, and as such had been optimised for radioluminescence [10] . These fibres had not been optimised yet for photoluminescence, nor had its fast emission component been maximised. Furthermore, they had been grown in an oxidising atmosphere, and were thus rich in Ce 4+ , which is optically inactive but highly absorbing, while poor in photoluminescent Ce 3+ content. The fibres received had a diameter of 200 µm, they had no cladding, its end were, out of necessity, simply cut with a razor blade and were not polished neither aluminised (Fig. 9) . To maximise the light collection, 12 fibres, 10 cm long, were laid along the crystal chamfer in a single-layer ribbon (Fig. 9) replacing the LYSO bar in setup 2 (Fig. 3 ). An air gap of a few millimetres was left between the ends of the fibres and the PMT window. A modest, if at all, signal was expected. The observed correlation for cosmic muons, between direct scintillation signal from CeF 3 , and WLS signal from the ribbon of fibres, is visible in Fig. 10 , together with one-dimensional projections. For the WLS signal, the direct scintillation amplitude was required to fall between ADC channels 300 and 550. The ratio of direct-to-WLS light detected was 0.3% for this setup. Although the ratio is very modest, taking into account all the limitations of the present test, it can be considered promising in view of an optimisation of such fibres characteristics. Due to the total fibre volume of only 0.037 cm 3 , the direct scintillation signal in the fibres is very small, and remained undetectable in this setup.
A number of cross-check measurements were performed, always for the same duration of data taking, to ascertain that the observed correlation is indeed due to a WLS signal. The results match the expectations. In the test whose resulting WLS signal spectrum is visible in Fig. 11a ), the crystal coupled to the WLS fibres ribbon was removed from the setup: the spectrum is compatible with no WSL signals detected. In Fig. 11b ), the WLS signal spectrum was taken for two crystals, sitting on top of each other, both coupled to the WLS fibres ribbon. The mean of the distribution is higher and its width broader than for a single crystal, although slightly different from the exact convolution of two identical distributions as of Fig. 10 , due to differences in chamfer dimensions and crystal light yield. When the crystals and also the WLS fibres ribbon were removed (Fig. 11c) , the distribution was found to be compatible with no signal. Similarly, this is also the case when only the WLS fibres were removed (Fig. 11d) and when a black paper stripe was inserted between the crystal chamfer and the WLS fibres ribbon (Fig. 11e) . The (Fig. 3) , correlation between direct scintillation signal from the bottom CeF 3 and WLS signal from a ribbon of Ce-doped quartz fibres coupled to the top CeF 3 crystal, and one-dimensional projections where, for the WLS signal spectrum, amplitudes corresponding to 300 < ADC CeF3 < 550 were required.
results of these cross-checks measurements confirm the observation of Fig. 10 , that a WLS signal is observed, for a cerium fluoride crystal coupled to Ce-doped quartz fibres. Figure 11 : For the same duration of data taking for cosmic muons, WLS signal spectra for Ce-doped quartz fibres in setup 2 ( Fig. 3) , for several cross-check configurations to the results in Fig. 10 : a) crystal removed; b) 2 crystals coupled to the fibres ribbon; c) no crystal, no fibres present; d) 2 crystals, but no fibres present and e) crystal optically isolated from the WLS fibres.
Entries

Tests of 3HF Kuraray fibres as WLS
The construction of a prototype calorimeter cell, to be tested in a particle beam, following the proposed readout concept, was being prepared. To allow for a WLS signal readout, while R&D is being performed on Ce-doped quartz fibres, the temporary use of conventional plastic WLS fibres was envisaged. A suitable candidate was found in 3HF fibres from Kuraray, that are known to be photoluminescent over the range of cerium fluoride scintillation (Fig. 3) , correlation between direct scintillation signal from CeF 3 and WLS signal from a Kuraray 3HF fibre.
emission wavelengths [12, 13] . Single-clad fibres, 1 mm in diameter, were chosen, since the cladding material, consisting of PMMA, is known to be at least partially transmitting over the wavelength range of the cerium fluoride scintillation emission [14] , while no data were available for the proprietary outer cladding used on double-clad fibres, which consists of a fluorinated polymer. For this first test, a single 3HF fibre, 1 mm in diameter, singleclad, with no aluminised end, was used. An air gap was present between the fibre and the PMT. The correlation in Fig. 12 shows the detection of a WLS signal. The ratio of direct-to-WLS light output is at the level of 0.5%, an amplitude which corresponds to expectations, due to the measurement conditions, which have not been fully optimised yet.
Prototype cell construction and commissioning
Based on the successful proof-of-principle measurements described above, a prototype cell has been constructed for tests in high-energy particle beams, whose 3-dimensional drawing is presented in Fig. 13 . The dimensions were optimised for a ∼ 500 MeV electron beam. Ten samplings were foreseen, with tungsten absorber plates of 3.1 mm thickness and cerium fluoride crystals of 10 mm thickness (Fig. 14) , for a total of 17 X 0 , while transverse dimensions of 24 × 24 mm 2 were chosen. It should be noticed that for this configuration the effective Molière radius is R M = 23 mm, but a smaller value can be easily obtained through a different choice of relative absorber and scintillator thickness. For example, for 2.5 mm thick tungsten plates and 1.5 mm thick cerium fluoride crystals, R M = 14 mm is achievable.
The mechanical support structure was conceived to be easily expandable in depth for beam tests at higher energies. The samples were all provided with 3 mm chamfers along the four 10 mm long corners, and a Kuraray 3HF singleclad fibre was running along each one of the long cell edges. For the test, each fibre was coupled to a Hamamatsu PMT with a bialkali photocathode of type R1450, within a H6524 assembly, and it was aluminised at the end opposite to the photodetector.
Prior to an exposure to high-energy particle beams, the prototype was commissioned in the laboratory, by acquiring signals from cosmic muons required to traverse the cell along its length. This was achieved by placing the cell vertically upright, and triggering with scintillators placed on top and below the cell. Muons going only partially through the length of the cell were not excluded, due to a trigger counter size slightly larger than the transverse cell dimensions. The correlation between sums of signals coming from WLS fibres running along diagonally opposite edges is found in Fig. 15 . This being raw data, the slight deviation from a unitary slope is due to the differences in quantum efficiency folded with the gain of the photomultiplier tubes. The measurement allowed to ascertain the functioning of all components and to make sure, that signals of detectable amplitude are generated. Figure 15: For cosmic muons going through the length of the prototype cell of Fig. 13 , correlation between the two sums of WLS signals from fibres running along two diagonally opposite edges.
Conclusions
This paper summarises the work that has been performed so far, in pursuing cerium fluoride scintillating crystals used in a simplified sampling calorimeter geometry. The proposed concept has wavelength-shifting fibres running along the four edges of the stack, collecting light through slightly depolished crystal chamfers.
In proof-of-principle laboratory tests, wavelength-shifted signals have been detected for conventional fibres from Kuraray, and for Ce-doped quartz fibres. While the fibres need to be further optimised for HL-LHC calorimetry applications, a full prototype cell has been built and commissioned in the laboratory with cosmic muons, before tests in a high-energy beam.
The presented measurements demonstrate, that this principle with its components has the potential to be used for a high-rate, radiation resistant sampling calorimeter, as needed for HL-LHC upgrades, in a mechanical assembly that allows a simple construction.
